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 As the number, use, and interconnectivity of wireless devices grows, the ever-present 
problem of electromagnetic interference (EMI) has grown exponentially. EMI can interrupt with 
normal device performance and degrade the quality of functions such as taking and receiving 
phone calls. Ordinarily, metal coatings, tapes, or plates are used to mitigate this problem due to 
their ability to reflect any incoming electro-magnetic (EM) radiation. However, reflection of 
incoming EM allows EMI to continue at neighboring devices or circuitry.  To solve this problem, 
as well as concerns surrounding the weight, processability, and durability of metal EMI shields, 
researchers have turned to polymer composites as the next generation absorbing materials for 
EMI mitigation. 
         Polymer-conductive nanoparticle composite foams have shown promise as EMI 
absorbers due to the unique porous morphology that emerges during the foaming process. 
Inclusion of air in the material allows for higher degrees of EM penetration into the material 
where there are increased interactions with highly conductive cell walls and numerous air-filled 
pores. These two mechanisms lead to effective EM wave dissipation in a lightweight structure. 
The final morphology of the foamed material has a huge impact on the final shielding properties, 
but the relationship between foaming conditions and final morphology is highly variable and not 
easily predicted. This lack of predictive capability results in time and money intensive DOE 
material exploration. 
         Taking inspiration from polymer composite foams, we have developed a model guided 
approach to the manufacturing of polymer composite materials with periodic porous 
morphologies. This approach relies on using the material’s intrinsic electromagnetic properties to 
perform geometric optimization in COMSOL. Simulations allow us to cut time and material 
costs in the development of new absorbers. Simulations also allow for the exploration of 
geometric parameters and configurations that are currently unachievable using modern foaming 
 
 
processes. Furthermore, this approach is material and processing agnostic meaning it can be 
applied to any material system and can be processed using the most appropriate technique for a 
given geometry. 
The viability of this approach was confirmed using a commercially available conductive 
nano-filled polymer composite 3D printing filament (Black Magic 3D) as well as a model system 
from literature composed of Graphene/Iron Oxide Nanoparticles. Using a modeled system 
containing a representative slab with measured or literature derived electromagnetic parameters, 
we introduced a single cubic/spherical pore and simulated the effect on reflection loss (RL). For 
highly conductive Black Magic 3D filament, there was minimal improvement in RL. For 
literature derived Graphene/Iron Oxide, a dramatic improvement in RL from -23 dB to -35 dB 
was observed for a spherical pore with a volume of 8.18 mm3.  Initial results suggest that the 
addition of periodically placed air-filled pores within a conductive polymer composite can lead 
to lower reflection loss and higher absorption bandwidths.  
In order to move forward with our simulation guided approach as an effective method for 
EMI shield development, it was necessary to experimentally validate our model. We did this 
using a poly-lactic acid/graphene nanoplatelet (PLA/xGNP) system. We fabricated solid plaques 
using ultrasonication followed by compression molding and used the measured electromagnetic 
parameters to simulate the shielding efficiency of PLA/xGNP modified with cylindrical pores of 
varying height. We used compression molding followed by CNC milling to fabricate PLA/xGNP 
with cylindrical pores and measured their shielding efficiency. We found agreement in the trends 
as well as location of maxima/minima between the experimentally measured data and simulated 
data. The validation of a model guided approach with experimental data opens the door for a 
more robust optimization of geometric parameters in porous EMI shields. 
In addition to looking at the EMI shielding properties of an xGNP/PLA system, we also 
studied the EMI shielding properties of a  polystyrene (PS)/reduced graphene oxide (rGO) 
system. Hot pressing of these materials leads to a segregated polymer composite structure with 
rGO fillers in the interfaces surrounding polystyrene domains. This can significantly lower the 
 
 
percolation threshold as compared to the xGNP/PLA system and can help avoid problems 
associated with obtaining a homogenous dispersion. We studied the effect of rGO loading on the 
electromagnetic and EMI shielding properties of these materials. As the rGO volume fraction 
increased, there was a general increase in the shielding efficiency. We also studied the properties 
of PS/rGO structures functionalized with cobalt ferrite (CF) nanoparticles and found that there 






Motivation and Background 
1.1 Electromagnetic Interference Shielding 
 With the advent of massive telecommunication networks and the expansive development 
of wireless electronics operating in the gigahertz (GHz) range, “electromagnetic pollution” has 
risen to unprecedented levels [1]. Electromagnetic interference (EMI) arises when intended or 
spurious electromagnetic (EM) signals radiated by electrical/electronic circuits disturb the 
normal operation of surrounding equipment [2,3]. EMI shields and related absorbing coatings 
have been in use since World War II in order to reduce the degree of interference [4]. While EMI 
can occur for several different applications, of import for many commercial and military spaces 
are frequencies in the GHz range that relate to communications and radar.  
When an incident EM wave encounters the front face of an EMI shield, there can either 
be reflection, transmission, absorption, and multiple reflections of the incident wave as shown in 
Figure 1.1.  The EMI shielding efficiency (SE), reported as reduction of transmitted wave power, 
includes the shielding effects due to absorption, reflection, and multiple reflections. Due to 
multiple reflections inside of a shielding material, there can also be aftereffects like secondary 






Fig 1.1 – Schematic depicting the outcomes of an incident electromagnetic (EM) wave upon interact with an EMI 
shielding material. The incident wave can be reflected, absorbed, transmitted through the shield, or be subject to 
secondary transmissions and reflections due to internal effects. 
Depending on the application, the ability to stop EM transmission is referred to in two 
different ways. For certain applications, EMI shields are backed by air or another lossy material. 
In this case, the figure of merit is referred to simply as the SE and represents any power that is 
not transmitted through the shield.  
For shielding materials, the SE can be written as:  




where 𝑃𝑖 is the incident EM wave intensity and 𝑃𝑜 is the intensity of the EM wave that penetrates 
through the material. The SE can be further broken down into the components of the wave that 
are reflected, absorbed, or subject to multiple reflections according to: 
(1.2) 𝑆𝐸 =  𝑆𝐸𝑅 + 𝑆𝐸𝐴 + 𝑆𝐸𝑀𝑅 
On the other hand, some applications require shielding materials to be placed on the 
surface of metal enclosures that behave like perfect electrical conductors (PEC). In this case, no 
EM power will transmit through the back of the shielding material and all reductions in incident 
power will come as a result of EM wave attenuation. This figure of merit is referred to as 
 
 
reflection loss (RL). For these types of shields, we can us transmission line theory to write the 
RL as: 




Where 𝑍0 is the impedance of free space and 𝑍𝑖𝑛 is the characteristic impedance of the 
material defined by: 







𝜀𝑟 is the relative permittivity of the lossy material, 𝜇𝑟 is the relative permeability of the lossy 
material, d is the thickness of the lossy layer, f is the frequency of the incident EM wave, and c is 
the speed of light. 
While they are used in different applications, RL and SE are both measured in decibels. 
For commercial applications a SE/RL of  greater than 20 dB is needed and for military 
applications a SE/RL of greater than 30 dB is required [5]. The 20 dB cutoff is the level 
considered acceptable for human safety, and is the common threshold for commercial 
application, but military applications can require much higher thresholds due to the sensitive 
nature of the devices being protected [6]. 
 Currently, the easiest way to protect devices and circuitry is to surround them with a 
metal barrier such as solid metals and wire meshes, metal-coated carbon fiber, metal-coated 
cloth, and metal-based coatings [7,8]. These mostly metallic materials exhibit very high 
shielding efficiencies and can meet most of the needs required for many applications. This high 
shielding efficiency comes as a result of the high reflectivity of metallic interfaces. However, 
EM waves do not exhibit large amounts of decay upon reflection; spurious waves that are not 
dissipated through absorption can continue to propagate and cause other problems in devices that 
are adjacent or otherwise. Combined with other issues such as poor wear and corrosion 
resistance, high rigidity, and non-uniform coating researchers have been exploring polymer 
composites (PC) for next generation EMI applications [9–12]. Bulk polymer materials are 




1.2 Polymer Composites for EMI shielding 
 Composites refers to the combination of two or more materials to produce a new material 
with different properties. Polymer composites use polymer as the matrix while incorporating 
different kinds of fillers to improve the underlying matrix material. Polymer nanocomposites 
have been extensively studied for their unique mechanical [13–15], electrical [16–18], magnetic 
[19,20], and optical properties [21–23]. The small size, large surface area, of carbonaceous fillers 
such as carbon nanotubes (CNTs), carbon black (CB), carbon nanofibers, (CNF), graphene (G), 
and few-layered graphene nanoplatelets (GNPs) has been demonstrated to benefit the mechanical 
[24,25], thermal [26,27], and electrical/electromagnetic [28,29] properties of polymer 
composites.  
For EMI shields, adding CNTs [30–32], CNFs [33], CB [34,35], and graphene [1,36,37] 
to polymer matrices has been shown to be an effective way to produce easily processible, low 
density, conductive polymer composite shields. These carbonaceous fillers have also 
demonstrated unique EMI shielding abilities owing to their ability to form conductive networks 
within the polymer matrix. In addition to advanced filler materials, researchers have also looked 
at the effect of using conductive polymers like PANI [38], PPy [39], or polyacetylene [40] as the 
matrix material. There are disagreements in the literature regarding the ideal composition for a 
conductive polymer composite for EMI shielding since it depends heavily on several factors 
including filler morphology, filler size, filler-matrix interactions, quality of filler dispersion, etc. 
In general, however, there is an increase in EMI SE with an increase in polymer composite 
conductivity due to increased loading.  
 Conductive polymer composites with carbonaceous fillers have demonstrated the ability 
to act as competent EMI shields for a variety of application as shown in Figure 1.2. Al- Saleh et 
al [36]. ran a comparative study that illustrated effective EMI shielding of up to 50 dB over the 
entire X-Band for a CNT/ Acrylonitrile butadiene styrene (ABS) composite. They also showed 
that ABS composites with similar loadings of CF and CB did not perform as well owing to lower 
aspect ratio. Song et al. demonstrated the effectiveness of ultra-thin EMI shields through the 
production of a 0.1mm thick graphene paper capable of achieving shielding efficiency of up to 




Fig 1.2 – Schematic illustrating the different application spaces for EMI shielding based on the conductivity of the 
nanocomposite material. High conductivity is needed for extreme applications like protection from lightning strikes, 
while lower conductivity is needed for static electrical discharge. 
This research also demonstrated the ability to form Fabry-Pèrot cavity resonators by fabricating 
double-layered, symmetric structures with a layer of wax between two sheets of graphene paper; 
this arrangement increased the number of multiple reflections and constructive interference 
events leading to higher levels of EM absorption. Chizari et al. compared compression molding 
to 3D printing of conductive CNT/PLA composites and found that 3D printed EMI shields had 
significantly higher specific EMI shielding efficiency (~70 dB. vs ~37 dB g-1 cm3). Introduction 
of modularity into the design process demonstrates the ability to fully optimizes structures to 
maximize shielding properties.[42] 
1.3 Conductive Polymer Nanocomposites with Magnetic Components 
 The development of conductive, percolating networks is essential to the performance of 
EMI shield materials, but increases in conductivity leads to SE properties like that of metal 
shields i.e. high reflection-based SE. In order to keep conductivity low, but increases the 
absorption properties of polymer composites, it can be necessary to add a magnetic component. 
According to Poynting’s theorem, there is a directional energy flux density of an EM wave 
(Poynting vector) that is defined as the cross product of the magnetic field vector and the electric 
field vector [43]. This means that attenuation of EM waves requires not only electronic 
contribution, but magnetic as well. Polymer matrices as well as carbonaceous filler are generally 
non-magnetic and do not make any magnetic contribution to EM wave attenuation.  
 Additionally, in order to have high attenuation, there needs to be a large degree of EM 
wave penetration into the material itself; low reflection at the front-face is a result of agreement 
between the material input impedance and the impedance of air. This impedance match comes 
 
 
about from having a 𝜇𝑟 and 𝜀𝑟 that are close in value. For most conductive polymer 
nanocomposites, 𝜇𝑟 and 𝜀𝑟 are out of balance leading to most EM waves being reflected at the 
front face. Without contributions from an added magnetic material, it becomes harder to manage 
impedance mismatch.  
Different strategies have been employed for the incorporation of ferromagnetic 
components into polymer composites for EMI shielding [5,44–50]. In these composites, the 
ferromagnetic nanoparticles not only reduce the front face impedance mismatch, but also 
increase absorption of any incident EM wave. Enhanced absorption comes as a result of 
ferromagnetic resonance as determined by the anisotropy coefficient, damping parameter, 
saturation magnetization, and particle shape [51]. Furthermore, many of these properties are 
affected by moving from bulk material to nanoparticle sizes. For example, the damping 
parameter due to surface effects increases as the particle diameter decreases and can even 
increase as much as an order of magnitude as compared to bulk material.[52] In addition, surface 
anisotropy is also inversely dependent on the particle size, particularly at diameters below 
hundred nanometers.[53] Nanosized ferromagnetic inclusions are also important for microwave 
absorbers since at dimensions will below the skin depth of the composite, EM waves are fully 
able to penetrate the particle. This entire particle contribution can be significant for particularly 
high magnetic saturation ferrites. 
Mural et al.[49] used magnetic nickel nanoparticles decorated onto the surface of 
graphene oxide sheets embedded in a polyethylene/poly(ethylene oxide) blend. By adding small 
amounts of MWCNT to enhance conductivity, a minimum reflection loss of -70 dB at 17.1 GHz 
was achieved for a 6mm thick shield. Song et al.[46] explore free-standing graphene-based 
hybrid papers decorated with iron oxide nanoparticles. These papers demonstrated a high 
conductivity (50 S/cm) as well as a SE of 21 dB at a thickness of 0.2 mm making them highly 
competitive with thicker graphene-hybrid systems. Song et al.[47] explored EMI shielding using 
a graphene oxide/iron oxide nanoparticle hybrid filler in a wax matrix. By controlling the relative 
ratio of iron oxide nanoparticles to graphene oxide in the filler material, overall concentration of 
the filler itself, and the thickness of the composite, they demonstrated the ability to tune the 
position and minimum of the reflection loss peak. As was mentioned earlier, multiple reflections 
in which EM waves reflect at multiple interfaces in shielding materials can make significant 
 
 
contributions to overall shielding ability [54]. The incorporation of magnetically functionalized 
fillers has been employed in a variety of polymer composite forms for EMI attenuation including 
single layers [55], multilayers [56,57], and other unique heterostructures including foams 
[58,59]. Of these various forms, foams have consistently demonstrated high broadband EMI 
absorption. 
1.4 Use of Polymer Composite Foams for EMI Shielding 
Polymer composite foams, characterized by their density, cell size and wall thickness. 
They can be physically or chemically foamed to achieve open or closed microstructures [58,60–
62]. Various methods for polymer composite foaming have been reported in the literature 
including thermally induced phase separation [63],[64], water vapor induced phase separation 
[65],[66], coating and etching [67], physical foaming using supercritical gas [68],[69], and 
chemical foaming [70,71]. The wide variety of foaming approaches  can lead to materials with 
increased strength [72], large surface area improvements [73], and other interesting properties 
that can be applied to a wide variety of applications including tissue engineering scaffolding, 
[74] batteries [75], and thermal conductivity enhancement [76]. Foams have also found a large 
degree of success in the realm of EMI shielding. 
Polymer composite foams can be thought of as metamaterials composed of a polymer 
matrix, filler material, and air-filled pores. The inclusion of air-filled pores has two important 
effects relating to EMI shielding. First, ultra-high porosity foams exhibit low permittivity 
ensuring penetration of most incident radiation due to decreases in the interfacial impedance gap 




Fig 1.3 – Schematic description of microwave transfer across a PEI/graphene nanocomposite foam. Arrows inside of 
the pores are indicative of multiple scattering events that occur inside of the foam. Adapted from [65]. 
Second, upon penetration into the shielding material, the attenuation of EM waves is 
assisted by scattering between the cell walls and nanofillers as shown in Figure 1.3. Many 
scattering events makes it difficult for EM waves to escape before being dissipated as heat [65]. 
Table 1.1 illustrates the absorbing ability for a few different polymer composite foam systems. 
The absorbing power fraction is a clear indication that independent of the system, the primary 
shielding mechanism for polymer composites is absorption. 
Table 1.1 EMI Shielding Abilities of Polymer Composite Foams 
Polymer Filler Filler Content SET (dB) SEA (Power Fraction) Ref 
PMMA FLG 1.8 vol% 19 0.95 [68] 
PS MWCNT 7 wt% 20 0.18 [78] 
PDMS CDVG 0.8 wt% 23 0.83 [67] 
PCL MWCNT 0.25 vol% 60 0.87 [79] 
PS FGS 30 wt% 29 0.95 [80] 
PEI FLG 10 wt% 13 0.87 [65] 
PMMA- poly (methyl methacrylate); PS – polystyrene; PDMS – polydimethylsiloxane; PCL – polycaprolactone; 





1.5 Limitations of Polymer Composite Foams for EMI Shielding 
While polymer composite foams have high potential as ideal EMI shielding candidates, 
investigators have to undergo many experiments looking at how the final foam morphology is 
affected by changes in the foaming conditions (temp, time, pressure, blowing agent etc..) [81,82]. 
Gedler et al. found that the cell density could change by as much as three orders of magnitude 
depending on the foaming approach used for a 0.5 wt% GNP/PC composite foam. Soltani et al. 
performed extensive analysis on the impact on morphology of different foaming conditions for a 
PMMA/MWCNT composite and they found wide variation in the morphology depending on the 
foaming conditions used (Figure 1.4). For example, 5 wt% PMMA/MWCNT composites foamed 
with a depressurization rate of 1.16 bar/s at 80oC were found to have an average cell size of 
208.7 microns. By increasing the foaming temperature to 120oC, and holding all other conditions 
constant, the average cell size grew to 320.8 um and the microporous network changed from 
closed to open.  
 
Fig 1.4 – Changes in morphology depending on the initial foaming conditions for PMMA/MWCNT composites. 
Different loadings of MWCNT are shown along the y axis. H, M, and L represent different foaming pressures and 
120/80 represent the different foaming temperatures. Adapted from [83]. 
These changes in the final morphology can dramatically affect the final shielding 
properties of these composites. For instance, the transmitted power fraction nearly doubled when 
the foam temperature was changed from 80 oC to 120 oC for the 3 wt% PMMA/MWCNT 
composites shown in Fig 1.4.  Even if the foaming conditions are kept constant, the type and 
 
 
amount of filler can affect the final morphology. For instance, it was observed that variations in 
the ratio between GNP and MWCNT in a 3 wt% PMMA/GNP/MWCNT composite foam could 
change the difference in SE from 6 dB to as much as 36 dB [84]. 
1.6 Thesis Overview 
 As illustrated in chapter 1, there are many options when it comes to EMI shielding, 
depending on the application, however, there are currently limits to the application space as it 
pertains to cost and material performance. Figure 1.5 shows a schematic indicating the 
absorbance/gram of material vs. the potential cost of fabrication. Metal-based shields are the 
cheapest option but are limited in their ability to absorb incident EM radiation. Solid polymer 
composites and polymer composite foams display higher absorbances/g and have higher costs 
depending on the material/technique used. Although there are a small number of examples in 
literature for 3D printed EMI shields, they also have potential as absorbing materials. 
 
Fig 1.5 – Schematic displaying the absorbance/gram of material vs. potential cost separated by the fabrication 




 Overall, the proposed study intends to investigate the potential for polymer composites 
with periodic porous morphologies for EMI shielding.  Additionally, we study a new material for 
microwave absorption with tunable electromagnetic properties in the context of our modeling 
approach. Through development and validation of a computational model, a more accurate 
understanding of how periodic morphologies affect overall shielding and absorption can be 
developed. This approach can help researchers optimize and speed up their design of microwave 
absorbers by eliminating trial-and-error approaches that consume time and money. We posit that 
increases in absorption can decreases costs while improving absorbance as compared to foams 
and solid polymer composites (Target area 1 in Fig 1.5). Additionally, this approach can be 
adapted to additive manufacturing approaches that will still be expensive but will improve 
performance as compared to current materials (Target area 2 in Fig 1.5). 
 In Chapter 2, the prospect of using periodically arranged pores as a proxy for foamed 
polymer composite EMI shields is introduced. This idea is studied in the context of a 
commercially available 3D printing filament as well as in the context of a microwave absorbing 
material from literature. Preliminary parametric studies reveal that the geometry of the pore as 
well as the size of the cell walls can have dramatic effects on the RL of microwave absorbing 
materials. In Chapter 3, a workflow for periodic porous EMI shields is developed and 
successfully validated for a series of xGNP/PLA composites containing cylindrical pores. The 
effects of xGNP aspect ratio on dielectric properties and EMI shielding properties is also 
explored. In Chapter 4, a novel absorber based on segregated structure polymer composites is 
developed and characterized. PS/rGO composites with and without CF nanoparticle 
functionalization are explored as potential microwave absorbers. These materials are also studied 
using the workflow described in Chapter 3 to look at the effects of geometric modification on 
their shielding properties. A summary of the contributions of this thesis as well as ongoing work 






Enhancement of Reflection Loss in Polymer Nanocomposites Through The Addition Of 
Periodically Placed Pores 
2.1 Chapter Synopsis 
A foam-inspired approach to polymer composite EMI shields has been developed. 
Research involving polymer composite foams has been limited due to difficulties in modeling 
and reported as the results of an empirical design of experiments [81,85–87]. An alternate 
approach utilizing the measurement of intrinsic complex electromagnetic parameters and, 
predictive modeling of absorbing periodic geometries in the COMSOL environment is presented. 
The viability of this approach was confirmed using a commercially available conductive nano-
filled polymer composite 3D printing filament as well as a model system from literature. Initial 
results suggest that the addition of periodically placed air-filled pores within a conductive 
polymer composite can lead to lower reflection loss and higher absorption bandwidths. 
2.2 Introduction 
An emerging approach to absorbance dominated EMI shielding is the use of conductive 
polymer composite foams. As compared to non-porous materials, foams exhibit lower density, 
lower percolation thresholds, and higher EMI shielding efficiency (SE) that is largely dominated 
by absorption [88–90]. The porous morphology decreases the impedance mismatch between air 
and the shield allowing a larger portion of the incident EM wave to penetrate into the shield 
where it can be absorbed and dissipated [91]. However, foamed polymer composites have 
shielding characteristics that are highly dependent on the morphology of the finished foam, 
which is in turn highly sensitive to the specific conditions of the foaming process [81,92]. 




of many different factors including material compositions, foaming temperature, foaming time, 
and depressurization rate, to name a few.   
To address concerns about the development of new foamed materials, we explore the 
introduction of pre-designed periodic pores into a conductive polymer nanocomposite matrix 
using finite element modeling (FEM). This chapter also addresses the material requirements 
needed in terms of complex permittivity and complex permeability to properly synergize with 
artificial pore structures.  
2.3 Experimental 
2.3.1 Materials 
3D printed samples were produced using commercially available Black Magic 3D© 
(BM3D) filament, which is a polylactic acid (PLA) based filament that has been mixed with 16 
wt% carbon-based particles. A commercial pure PLA filament purchased from 3DX Tech was 
used to print pure PLA samples. 3mm thick 3D printed samples were produced using a Maker 
M3 Fused Filament Fabrication (FFF) 3D printer. (extruder temperature: 220 oC; table heating 50 
oC; speed 40 mm/s; extrusion multiplier 1.1). 
2.3.2 VNA Measurement and Electromagnetic Property Extraction 
Two-port scattering parameter measurements of BM3D and PLA plaques were performed 
over the X-band (8-12 GHz) using an Anritsu MS4644B vector network analyzer (VNA) at room 
temperature and normal pressure. Measurements were performed in a rectangular waveguide 
with frequency dependent angles of incidence for the TE10 mode as shown in Figure 2.1. 
Rectangular samples with dimensions of 22.86 mm x 10.16 mm x 3mm were filed down to 
ensure a tight fit between the sample and the waveguide holder since small air gaps can lead to 




Fig 2.1 – The setup for VNA measurements includes a rectangular sample sandwiched between two rectangular 
waveguides (left). Based on incident waves from port 1 and port 2, the scattering parameter matrix can be extracted 
(right). 
From scattering parameters, we can use the Nicolas-Ross Weir (NRW) method to extract 
the complex permittivity and complex permeability of our materials [93].  
2.3.3 FEM Modeling With COMSOL 
Finite Element Modeling was performed in COMSOL. The modeled geometry consists of a 
3D periodic Cartesian lattice with a unit cell that contains arbitrarily shaped air-filled pores inside 
of a material with pre-defined frequency dependent electromagnetic parameters. COMSOL’s 
Radio Frequency module is used to perform full field calculations of either a transverse electric 
(TE) or transverse magnetic (TM) incident wave that excites the structure from the top from a 
predefined angle of incidence (θ) (see Port 1 in Figure 2.1). Mesh refinement is used to maintain 
a minimum element quality of greater than 0.2 to ensure accurate results. The structure’s S11, S12, 
and reflection loss (RL) are calculated over the X-Band with a sampling interval of 0.1 GHz. A 
characteristic unit cell is shown in Figure 2.2. The unit cell repeats periodically in the x-y plane 
and has finite thickness in the z-direction. The top of the cell is terminated by a perfectly matched 
layer (PML) to prevent secondary reflections, and the bottom of the cell is terminated either by a 




Fig 2.2 – Characteristic unit cell for simulations in COMSOL. The top of the cell is bounded by a perfectly matched 
layer (PML). The bottom of the cell is bounded with a perfect electrical conductor (PEC) for RL measurements and 
a second port for SE measurements. The unit cell is periodic in the X and Y directions and finite in the Z direction. 
2.4 Results 
To test our design methodology, we used commercially available BM3D and PLA 
filament. BM3D is a PLA based 3D filament that has a low bulk volume resistivity of 0.6 Ω.cm 
due to the addition of 16 wt% carbon content. As shown in Figure 2.3 the thermoplastic filament 
(A) contains a mixture of that graphene (B), carbon nanotubes (C), and carbon black (D). These 
images demonstrate a high degree of filler agglomeration this is expected due to high carbon 
content. This agglomeration leads to higher incidence of filler contact giving rise to a particularly 
low resistivity of 0.6 Ω cm. This agglomeration also contributes to poor mechanical properties as 
indicated by the brittleness of the filament. Agglomerated fillers also contribute to crack 




Fig 2.3 - SEM images of BM3D filament indicating the presence of carbonaceous filler. A cross section of the 
filament is shown in (A). Upon closer inspection, the filament is observed to contain graphene (B), carbon 
nanotubes (C) and carbon black (D). 
Using a VNA, we measured the scattering parameters and extracted the complex 
permittivity and complex permeability using the NRW method. The results are shown in Figure 
2.4. 
 




The measured permittivity and permeability for PLA is in good agreement with literature 
values [94]. The complex permeability of PLA is what we would expect for a nonmagnetic 
material. The imaginary component of the permittivity, which correlates to dissipation of 
electrical energy within the polymer composite material, is high for BM3D. This indicates that 
there is a large amount of network formation within the material leading to high mobility of 
charge carriers and energy dissipation [95]. For BM3D, the real permeability lower than 1.0 can 
be attributed to the diamagnetic behavior of carbonaceous materials [96]. 
In foamed materials, much of the enhancement in shielding efficiency (SE) is attributed 
to the addition of porosity; the addition of pores reduces impedance mismatch with air and also 
increases the number of scattering events once the wave has penetrated into the bulk material 
[83]. However, the morphology of foams is highly sensitive to processing conditions. 
Furthermore, final foam morphologies cannot be predicted a priori and shielding properties are 
difficult to model due in part to the inhomogeneity of the foam morphology. Therefore, we use 
FEM simulations to predict the shielding properties of a homogenous metamaterial with a porous 
and periodic morphology using the extracted complex permittivity and permeability 
measurements. 
Scattering parameter simulations are performed in COMSOL and final reflection loss 
(RL) is calculated according to equation 2.1.   
(2.1) 𝑅𝐿 = −20 log10|𝑆11|       
Figure 2.5 depicts the change in RL upon addition of a single cubic pore to the center of a 
3mm thick BM3D plaque and the effect of gradually increasing the pore volume. At normal 
incidence, the absorbing behavior of BM3D improves as the pore size increases. It is well known 
that dielectric mismatch causes reflection at interfaces, such as the one between BM3D and air. 
By modifying the morphology of our plaque by increasing the pore size, we are effectively 
decreasing the dielectric constant and making it closer to that of air. The introduction of the pore 
also increases the number of scattering events that can occur inside of the composite. This means 
that more incident microwave energy will be dissipated as heat. Because of its high conductivity, 
BM3D has limits as a material for absorption focused EMI shielding. Without a reduction in 











For the design of an absorption dominated EMI shield, there are a few key material 
properties that need to be controlled such as the lowering of front face impedance mismatch, and 
the presence of dissipation pathways inside the material through the addition of magnetic or 
conductive fillers. The relative impedance of a material, Z, is given by equation 2.1 where µr and 
εr are the complex permeability and complex permittivity of the material. 
(2.1) 𝑍 = √
𝜇𝑟
𝜀𝑟
      
For air, this value is 1. Materials that have relative impedances that are closer to 1 
experience less front face reflection. To lower material impedance, one can use lower 
conductivity materials as well as the addition of magnetic components that increase the 
permeability. The addition of magnetic material can also increase the magnetic loss tangent, 
further contributing to the absorption of incident EM radiation. 
To investigate the effect of simple geometric changes on RL for a low conductivity, 
magnetically enhanced material, we adapted literature values for the complex permittivity and 
permeability of a 30 wt% graphene/Fe3O4 paraffin wax composite [47]. Shown in Figure 2.6a 
and Figure 2.6b are the effects of adding either a cubic pore or a spherical pore to a 3mm thick 
composite layer. An unmodified 3mm thick sample achieves a minimum RL of -22.8 dB at 5.5 
GHz. If we add a pore and isometrically change the pore volume, we see that the minimum RL 
not only decreases by as much as 13 dB, but the minimum peak shifts towards higher 
Fig 2.5 -  Simulated change in RL at normal incidence of BM3D filament with a single cubic pore of changing 




frequencies. Additionally, as we add larger pores, the effective absorption bandwidth (RL ≤ 10 








 To help understand the enhancement in RL seen in Fig 2.6 it is worth investigating the 
normal electric field distribution at certain frequencies of interest. Figure 2.7 shows a center slice 
of the normal electric field distribution for a 3mm x 3mm x 3mm unit cell with a single spherical 
pore (volume = 8.18 mm3) positioned in the center. Metamaterial absorbers display enhanced 
absorption when geometries satisfy certain conditions that help to create resonant waves in the 
interior of the material [97]. The increases in RL that are see in Fig 2.7(a) are represented here by 
large increases in the electric field. At 4 GHz, there is very little enhancement of the electric 
field, which is illustrated in the fact that in Fig 2.7(a), the RL is -2 dB. At 7.25 GHz and 10.5 
GHz however, we can see that there is significant enhancement of the electric field, particularly 
in the edges of the spherical pore in the x direction. 
Fig 2.6 - Simulated change in RL at normal incidence of 3mm thick sample of a 30 wt% graphene/ Fe3O4 paraffin 





Fig 2.7 Top-down view of the center of a 3x3x3 mm unit cell with a single spherical pore (volume = 8.18 mm3) 
positioned in the center. The material is subject to a normally incident electromagnetic wave at specific frequencies 
and the pictures are colored according to the strength of the normal electric field distribution. Results are shown for 
4 GHz, 7.25 GHz, and 10.5 GHz. 
 Figure 2.8 shows the electric field distribution at the same frequencies as Fig 2.7, but for 
a single spherical pore with a volume of 1.77 mm3. The composite with a smaller periodic pore 
displayed a worse RL than the larger pore, which can be seen in the lack of electric field 
enhancement. The normal electric field distribution is clearly very sensitive to the geometric 




Figure 2.8 - Top-down view of the center of a 3x3x3 mm unit cell with a single spherical pore (volume = 1.77 mm3) 
positioned in the center. The material is subject to a normally incident electromagnetic wave at specific frequencies 
and the pictures are colored according to the strength of the normal electric field distribution. Results are shown for 
4 GHz, 7.25 GHz, and 10.5 GHz. 
 In addition to geometric variation in the pore shape, we also investigated the effect of 
changing the cell wall size for the unit cell described in Fig 2.6. We fixed the pore geometry as a 
sphere with a dimeter of 2.5 mm and changed the width or length of the unit cell along the x and 
y direction while keeping the other direction constant. This is equivalent to changing the spacing 
between pores. The calculated RL for these changes is shown in Figure 2.9. the pore. In Fig 2.9a 
we can see that the RL is insensitive to changes in the y-direction; the RL improves by a few dB. 
 
 
On the other hand, modifications in the cell wall size in the x-direction has dramatic effects on 
the RL as shown in Fig 2.9b. By decreasing the spacing between neighboring pores, we can 
improve RL to as much as -51 dB.
 
Fig 2.9 – Calculated RL a 3x3x3 mm slab of material with EM properties the same as the material in Fig 2.5. A 
single spherical pore with D = 2.5 mm has been placed in the center of the material. In (A) we have varied the size 
of the unit cell in the y direction while holding the x direction constant. In (B) we have varied the size of the unit cell 
in x-direction while keeping the y direction constant. 
2.5 Discussion 
 The study of foamed materials for EMI shielding has been steadily growing in recent 
years.  This work describes a methodology for optimizing the pore geometry based on the 
intrinsic material properties. The morphologies of foamed materials are achieved through a 
combination of temperature, pressure, filler type, and filler dispersion that is presented in each 
new system. When foaming is used, the products display high absorptive capability, but only 
after several lengthy optimization steps. Due to the importance of a well-controlled, repeatable, 
and less resource intensive method for EMI shield development, a high-throughput 
computational approach is highly desirable. 
 3D printing and compression molding are potentially versatile and facile methods to 
produce high-quality polymer composite EMI shields. Our three-step approach allows for model-
guided optimization of the polymer composite foams. Monte-Carlo simulations combined with 
derivative free optimization techniques can effectively sample a much larger parameter space 
that is unavailable in a laboratory setting. The greater degree of control and repeatability that is 
 
 
offered by different fabrication methods presents further advantages for future EMI shields since 
shape and size of pore morphology play important roles in EMI shielding technologies.  
 The preliminary results of this study show the strong dependence of pore geometry of the 
RL peak seen in Figs 2.5 and 2.6. In previous studies involving the effect of morphology on the 
shielding properties of polymer composite foams, an increase in material absorption has been 
associated with smaller pore morphologies [98]. Ling 2013 showed that as the pore size diameter 
decreased from 15.3 um to 9 um, there was a corresponding increase in SE of almost 20 dB. 
However, the decrease in pore size was the result of an increase in graphene loading from 1% to 
10% [65]. This common trend seen in polymer composite foams is often used as a justification 
for pursuing materials with very small pore morphologies and high pore densities. However, it is 
also known that by simply increasing conductive filler content, independent of morphology, can 
also lead to an increase in SE.  






In many polymer composite foams, an inverse relationship between the size of the pore diameter 
and the increase in SE is commonly reported [68,89]. Smaller pores, for a given volume, lead to 
a higher density of pores, and thus more scattering events. However, as compared to 
experimental results shown in Table 2.1, our model predicts that we can achieve a max SE of 35 
dB with a spherical pore with diameter of 2.5mm. Our modeled shielding effect is higher than 
that of foamed and unfoamed materials in Table 2.1. The pore size is also on the order of 
millimeters instead of microns. This opens avenues for producing polymer composite EMI 
shields to higher throughput techniques that make up in speed what they lack in resolution. 
In addition, the decrease in RL is not a monotonic trend, indicating that the effect of pore 







Ling 2016 [65] -13 N/A 
Gavgani 2016 [99] -23 1200 
Kuang 2016 [100] -25 52 
Song 2016 [101] 20 N/A 
 
 
computational studies. In foamed materials, the addition of larger pores showed a roughly 
monotonic decrease in RL up until 8.18 mm3. However, increasing the pore volume to 14.14 
mm3 not only caused a dramatic shift in the position of resonance peaks, but also greatly 
increases the value of the RL. By exploring a truly continuous parameter space through a 
computational approach, one can arrive at optimal morphologies for EMI shielding. 
2.6 Conclusions 
 With FEM software, we have shown that by adding periodically placed pores to polymer 
composites, we can improve RL. The improvements in RL were shown to be sensitive to pore 
shape, pore sizing, as well as the spacing between pores. This technique can is material agnostic 
and similar analyses can be applied to any material with a measurable complex permittivity and 
permeability. A simulation-guided approach is critical for the development of next generation 





CHAPTER 3  
Validation of Model Guided EMI Shield Development 
3.1 Chapter Synopsis 
This chapter details the research done to successfully validate the model-based approach 
for the development EMI shields with periodic porous geometries presented in Chapter 2. A 
typical PLA/xGNP system was fabricated with xGNPs of various aspect ratio. After extracting 
their intrinsic electromagnetic properties, samples with cylindrical pores of various heights were 
fabricated. The shielding properties of these experimental samples were compared to simulations 
of materials with the same geometries. It was seen that the simulations could predict the trends in 
SE as well as the frequencies of minima and maxima for PLA/xGNP composites with different 
aspect ratio fillers. The validation of this modeling approach opens the door for material 
development and pore geometric optimization. 
3.2 Introduction 
In this study, we present a novel approach that relies on intrinsic electromagnetic properties 
to model the introduction of air-filled pores into conducting polymer composites to produce 
lightweight absorbers. Graphene nanoplatelet/poly-lactic acid (xGNP/PLA) composites with 
different aspect ratio fillers were characterized and their complex electromagnetic properties were 
extracted. Using these materials, we fabricated non-perfect electrical conductor (PEC) backed, 
periodic porous composites and explored the effect of pore geometry and filler aspect ratio on EMI 
shielding properties. Furthermore, we developed and experimentally verified a COMSOL model 
that will allow for rigorous, high-throughput optimization of absorbers with periodic porous 
geometries. Finally, we extend the modeling approach to explore the effect of pore addition on 




quickly and thoroughly studied to produce fully optimized absorbers with periodic porous 
geometries. 
3.3 Experimental  
3.3.1 Composite Design Overview 
Figure 3.1 shows the multistep design methodology for the design of optimized periodic 
porous EMI shields. In the first step (Figure 3.1 A), polymer composite plaque made of a 
dispersion of xGNP in PLA is produced and the complex electromagnetic parameters of the 
composite material are extracted using a Vector Network Analyzer (VNA). In the second step 
(Figure 3.1 B), the complex electromagnetic parameters are used to simulate the scattering 
parameters and reflection loss (RL) of periodic-porous composites using COMSOL 5.3a®. In this 
step, geometric parameters such as the shape of a pore, position of a pore, thickness of the sample, 
thickness of the cell wall, and the number of vertically stacked pores, are modulated to identify 
geometries that yield desirable EMI absorption. Following identification of optimized geometry, 
the final step (Figure 3.1 C) consists of using compression molding and Computer Numeric 
Control (CNC) milling to fabricate composite samples with and without pores. The performance 





Fig 3.1 - Three step design methodology for new EMI shields. (A) Composite materials are fabricated 
through a combination of ultrasonication and compression molding. Complex electromagnetic properties 
are extracted using a VNA. (B) Measured complex electromagnetic parameters are used in the COMSOL 
environment to optimize periodic porous geometry. (C) Optimized geometries are fabricated using a 
combination of compression molding and CNC milling. Final EMI shielding properties are measured and 
tested once more in a VNA. 
3.3.2 Materials  
Graphene nanoplatelets (xGNPs) with three different aspect ratios, M25 (D = 25 µm, t = 9 
nm), M15 (D = 15 µm, t = 9 nm), and C750 (D =2 µm, t = 9 nm), were obtained from XG Sciences. 
Ingeo 4043D PLA pellets were purchased from 3DX. PLA was selected as the matrix polymer 
because future studies involving fused deposition modeling are planned. Methylene chloride 
(DCM) was supplied by Fisher Scientific.  
3.3.3 Material Fabrication and Characterization 
We used a conventional solution process to prepare composite material for step 1 (Figure 3. 1 
A) [102]. 5 wt % loading. M25 Grade xGNPs (500 mg) were added to DCM and ultrasonicated 
for 1 h using a QSonica 700 probe (Qsonica, Newton, CT, USA) tip ultrasonicator to achieve 
dispersion. The same amount of energy is used for all composites, so they are assumed to have the 
same relative degree of dispersion. Then PLA pellets were added to the DCM dispersion and mixed 
overnight using a stir bar. Next the mixture was ultrasonicated for another 1 h. Finally, the mixture 
 
 
was cast into a large mold and left to dry overnight at ~110 °C. The resulting films were processed 
into smaller flakes using a grinder and compressed in a hot press at 230 °C and 20 MPa to obtain 
flat composite disks with a dimeter of 25 mm (Carver, Wabash, IN, USA). The aspect ratio of the 
xGNP was varied in the final composite. 
The morphology of samples was observed using a JEOL 1500 scanning electron microscope 
(JEOL, Peabody, MA, USA). The samples were cryo-fractured in liquid nitrogen, and sputter 
coated with gold prior to visualization. The DC electrical conductivity of composites was 
determined using through thickness, two-point probe method on rectangular samples with a silver 
paint coating on each surface to ensure good electrical contact. A constant voltage of 5 V was 





where Ω is the measured electrical resistance, l is the length of the sample, w is the width of the 
sample, and t is the sample thickness. The EMI shielding effectiveness and complex 
electromagnetic parameters of xGNP/PLA composites were measured using an Anritsu MS4644B 
VNA (Anritsu, Atsugi, Japan). Prior to measurement, samples were cut and polished to achieve 
the desired cross-section for electromagnetic characterization using a standard X-band (8–12 GHz) 
waveguide setup (22.86 mm × 10.16 mm). A total of 1601 data points were taken in this frequency 
range for each sample. The permittivity and permeability of PLA composites were extracted from 
measured S-parameters using the Nicolson-Ross-Weir (NRW) method. [103,104] 
For step 2 (Figure 3.1 B), Finite Element Modeling was performed in COMSOL. The modeled 
geometry consists of a 3D periodic Cartesian lattice with a unit cell that contains arbitrarily shaped 
air-filled pores inside of a material with pre-defined frequency dependent electromagnetic 
parameters. COMSOL’s Radio Frequency module is used to perform full field calculations of 
either a TE or TM incident wave that excites the structure from the top from a predefined angle of 
incidence (θ) (Port 1). Mesh refinement is used to maintain a minimum element quality of greater 
than 0.2 to ensure accurate results. The structure’s S11, S12, and reflection loss (RL) are calculated 
over the X-Band with a sampling interval of 0.1 GHz. A characteristic unit cell is shown in Figure 
3.2. The unit cell repeats periodically in the x-y plane and has finite thickness in the z-direction. 
The top of the cell is terminated by a perfectly matched layer (PML) to prevent secondary 
 
 
reflections, and the bottom of the cell is terminated either by a perfect electrically conducting 
(PEC) or a second port for study of non-PEC backed composites. 
 
(A) (B) 
Fig 3.2. - (A) Schematic of unit cell used in COMSOL simulations. The top of the cell is truncated with a 
perfectly matched layer (PML) to prevent reflections at the top boundary. EM waves with incident angle θ 
are generated from Port 1 and are incident upon a lossy material with predefined permittivity and 
permeability. The bottom of the cell is either backed by a perfect electrical conductor or a second port. The 
unit cell is periodic in the x/y direction and finite in the z direction. (B) A representative xGNP/PLA sample 
after being machined. The periodic porous array is milled on two separate halves which are then bonded 
together to form completely encapsulated pores. 
To prepare samples for step 3, xGNP/PLA composites with a periodic array of cylindrical 
pores (Figure 3.2 B) are fabricated using a Tormach PCNC440 milling machine (Tormach, 
Waunakee, WI, USA) and their EMI shielding properties were characterized using a similar setup 
in step 2. Measured EMI shielding properties were compared to simulated values from step 2 for 
model validation. 
3.4 Results and Discussion 
3.4.1 Microstructure and Conductivity of xGNP/PLA Composites 
Figure 3.3 shows representative SEM images of the cross section of xGNP/PLA composites 
with different aspect ratio fillers. We have observed a degree of agglomeration which is attributed 
to long solvent evaporation times giving fillers time to coalesce. There is also a degree of filler 
alignment that can be seen, particularly in Figure 3C. This can be ascribed to the compression 
molding that is used to form composite plaques. From the SEM image of C750/PLA (Figure 3B) 
we can clearly see that there is a large separation between filler material as compared to the other 
 
 
composites. For this specimen we expect a decrease in the inter-nanostructure connections that 
will ultimately play an important role in the EMI shielding characteristics of the composite 
material. 
 
Fig 3.3 - Representative SEM images of (A) PLA (B) 5% C750/PLA (α = 222), (C) 5% M15/PLA (α = 
1667), and (D) 5% M25/PLA (α = 2778) composites. 
Table 1 shows the DC electrical conductivity of 5% xGNP/PLA composites with different 
aspect ratio xGNPs at room temperature. As the aspect ratio of the filler material increases, there 
is an increase in conductivity from 6 × 10−10 for C750 filler material to 1.5 × 10−1 for M25 filler 
material. It is well known that increases in aspect ratio decrease the percolation threshold, thus 
making it easier to form conductive networks [105]. In addition, the increase in maximum 
electrical conductivity also increases with higher aspect ratio [106]. 
Table 3.1. Measured conductivity of xGNP/PLA composites and the reported aspect ratio of 
xGNP filler material. 
Material Conductivity (S/m) Aspect Ratio 
PLA 10−13 N/A 
5% C750/PLA 6 × 10−10 222 
5% M15/PLA 3 × 10−4 1667 
5% M25/PLA 1.5 × 10−1 2778 
 
 
3.4.2 Complex Electromagnetic Properties of xGNP/PLA Composites 
The permeability of PLA composites is not measurably affected by the addition of xGNP since 
there is no magnetic component in the filler material and any effects are likely due to measurement 
error. On the other hand, there is a measurable effect in the complex permittivity due to xGNP 
loading. The permittivity of neat polymers is usually low but can be enhanced through the addition 
of conductive filler material; the polarization of the matrix, polarization at matrix/filler interfaces, 
and the polarization of conductive filler material all make contributions to the final composite 
permittivity [107].  
Figure 3.4 shows the experimentally derived real (𝜀′) and imaginary (𝜀′′) portions of the 
complex relative permittivity as a function of frequency for the xGNP/PLA composite plaques. 
The real part is related to the storage capacity of electric energy mainly due to the degree of 
polarization within the material [108]. The imaginary permittivity is the associated degree of 
energy dissipation from Joule heat generated during conductance and thermal energy due to 
relaxation loss mechanisms [109]. The real permittivity is sensitive to the type of xGNP filler. The 
real permittivity of unmodified PLA is ~2.8 across the entire frequency range and increases to 
~17.6 for 5% M25 loading. Previous studies have shown that if the filler concentration is low, 
there is not a measurable effect on ε’ with respect to frequency. In the case of our xGNP/PLA 
composites there is minimal frequency dependence in the X-Band. It is known that for ellipsoidal 
particles, the percolation threshold decreases with increasing aspect ratio [110]. Therefore, at a 
fixed loading, higher aspect ratio xGNP fillers will have more conducting pathways and display 






Fig 3.4 - The real part (A) and imaginary part (B) of the complex permittivity for 5 wt % xGNP/PLA 
composites fabricated with different aspect ratio filler material. The properties of neat PLA are also 
displayed as reference. 
With increasing aspect ratio of xGNP filler, there is also an increase in the imaginary part of 
the permittivity. This can be attributed to enhanced polarization loss and higher hopper 
conductivity due to enhanced filler interactions [113,114]. The 5% M25/PLA and 5% M15/PLA 
samples exhibit slightly decreasing ε’’ with increasing frequency, but the 5% C750/PLA displays 
a distinct relaxation peak [115]. 
3.4.3 EMI Shielding Effectiveness of Non-PEC Backed xGNP/PLA Composite Plaques in a 
Waveguide 
The effect of different grades of graphene in xGNP/PLA on EMI SE was investigated. EMI 
shielding refers to reflection and absorption of incident electromagnetic radiation by a material. 
The efficiency of a shielding material is dependent on the frequency of incident EM radiation, 
shield thickness, as well as the intrinsic electromagnetic properties of the material [116]. EM 
wave propagation in any medium is dependent on the impedance of the medium (Z = √(μ/ε)) as 
well as the EM wave’s velocity inside of that medium (υ = 1/√με) [117]. When a traveling wave 
encounters an interface with different impedances on either side, there will be a change in wave 
velocity as well as partial reflection with the magnitude of this interaction determined by the 
difference in impedance between the two mediums [118]. Any changes in permittivity or 
permeability will impact a materials response to electromagnetic radiation, particularly if that 
 
 
material is a nonconductive polymer matrix. The total EMI shielding effectiveness (SET) is 
defined as.  
(3.2) 𝑆𝐸𝑇 (𝑑𝐵) = −10 𝑙𝑜𝑔10(|𝑆12|
2)  
The mechanisms of EMI shielding for a particular system can be explored through incident 
power balances defined by the fraction of incident power that is reflected (R = |S11|
2 = |S22|
2), 
transmitted, (T = |S12|
2 = |S21|
2), and absorbed (A = 1 – T − R). Figure 4.5 shows the SET and 
power balance for 3 mm thick PLA composites with different aspect ratio xGNPs measured in a 
waveguide over the X-Band. As illustrated in Figure 5A, SET increases with increasing xGNP 
aspect ratio over the entire frequency range with a minimum of 12 dB at 8 GHz for the M25/PLA 
composite. The observed trends and measured SET for xGNP/PLA composites resemble those of 
xGNP/PBAT composites with similar complex electromagnetic parameters [119]. For M15 and 
M25 composites, SET decreases with increasing frequency, which is a phenomenon that has been 
observed in other conductive polymer composites [120,121]. C750 and PLA exhibited minimal 
frequency dependence for SET in this frequency range. Yang et al. observed the SE of carbon-non 
fiber/polystyrene foams and found that at loadings of 10% and higher there was a dependence on 
frequency but did not see the same effect with lower loadings of carbon nanofiber [122]. 
 
(A) (B) 
Fig 3.5 - (A) Total shielding efficiency as measured in an X-band waveguide for xGNP/PLA composite 
plaques fabricated with different aspect ratio starting material. (B) Power balance for 5 wt % xGNP/PLA 
composite plaques loaded with (I) neat PLA, (II) M25, (III) M15, and (IV) C750. All plaques have a 
thickness of 3 mm. 
 
 
The power balances for xGNP/PLA composites with different aspect ratio fillers are plotted 
in Figure 3.5 (B). For neat PLA composites, most of the incident EM radiation transmits through 
the material; there is a portion of the power that is reflected due to slight impedance difference 
with air, and almost no incident radiation is absorbed. For all grades of xGNP, the transmission 
coefficient is lower than that of neat PLA. Over the entire investigated range, higher aspect ratio 
xGNP fillers display low levels of transmission and high levels of reflection; as permittivity of 
nanocomposites increases without a change in permeability, the higher impedance mismatch at the 
interface leads to increased reflection. It can be concluded from these data that reflection is the 
primary shielding mechanism for xGNP/PLA composites in the X-band. This agrees with similar 
conductive polymer composites systems. 
3.4.4 EMI Shielding Effectiveness of Non-PEC Backed PLA/xGNP Composites With 
Cylindrical Pores 
For non-PEC backed shields, the pursuit of higher conductivity and higher impedance match 
is an ideal strategy for achieving high-performing, reflection-dominated EMI shields. However, 
high performing EMI absorbers rely on complementary effects between dielectric loss, magnetic 
loss, conductivity, and impedance matching [123,124]. Controlling impedance mismatch while 
simultaneously ensuring there are enough pathways for EM dissipation can be difficult. As 
previously discussed, one method for achieving this balance is using foamed composites. By 
introducing air in the form of a highly porous morphology, the SET of foamed composites can be 
greatly improved as compared to their non foamed counterparts due to decreased impedance 
mismatch at the surface as well as increased interactions at pore-matrix interfaces inside of the 
foam [66,125]. However, the inability to model the shielding efficiency of foamed materials a 
priori limits their development to trial and error experiments that are costly in terms of time and 
resources.  
In order to control impedance matching we propose using an arrangement of periodic pores 
that can be explicitly determined beforehand. Because the pores are defined independently of 
materials processing, there is added flexibility that can be given in terms of the size, shape, and 
position of the pores. To demonstrate this point, the effect of adding cylindrical pores with a 
constant radius and varying height in a periodic layout was explored and the corresponding 
 
 
geometries were modeled in COMSOL to demonstrate the ability to successfully model the 
structures. 
Figure 3.6 shows the measured scattering parameters and power balance as measured in a 
waveguide for 4.6 mm thick 5 wt % M25/PLA composites with and without cylindrical pores of 
varying height. The trend for the modeled total shielding efficiency follows that of the 
experimental data illustrating the model’s utility in guiding the selection of pore geometry. The 
non-porous composite exhibits a maximum SET of 10.9 dB at 11.6 GHz. With the addition of a 
single layer of periodic cylindrical pores, there is a monotonic decrease in SET as well as a gradual 
shift of minimum SET to higher frequencies with increasing pore height. The addition of pores also 
has a measurable effect on the power balance as shown in Figure 4.6b. As pore height increases 
there is a noticeable decrease in the reflection coefficient at lower frequencies as compared to the 
sample with no pores. This can be attributed to the increased impedance matching due to the 
addition of air to the sample. Increased interaction with conductive pathways as well as increased 
internal reflections at intra-composite interfaces leads to an increase in absorption coefficient over 
the entire frequency range for porous samples. There is a noticeable increase in the transmitted 
power fraction, with as much as 30% of incoming radiation transmitting for the sample with 4 mm 
pores. For this material, the addition of pores leads to higher absorbed power fractions, but lower 
SET as compared to non-porous samples. It is important to point out that the composition of the 
material, 5 wt % M25/PLA, has not been optimized for high shielding efficiency. 
As mentioned above, optimization of foamed composites is limited by the lack of 
computational tools for modeling morphology as well as the SE due to unique foamed 
morphologies. To demonstrate the validity of a model guided approach to periodic porous 
geometries, we simulated these periodic structures in the COMSOL environment using the 
measured electromagnetic properties for 5% M25/PLA. Overlaid against the measured results in 
Figure 3.6, there is general agreement in the trends between the simulated and measured scattering 
parameters and power balance for cylindrical pore examples. The lack of absolute correlation can 
be attributed to differences between the model and the actual sample such as pore mismatch when 





Fig 3.6 - (A) Measured and simulated total shielding efficiency in an X-band waveguide for a 5% M25/PLA 
composite plaque with and without pores of varying height. (B) Measured and simulated power balance for 
a 5% M25/PLA composite plaque (I) without pores, (II) a cylindrical pore with a height of 3 mm, (III) a 
cylindrical pore with a height of 3.5 mm, and (IV) a cylindrical pore with a height of 4 mm. All plaques 
have a total thickness of 4.6 mm. All cylindrical pores have a diameter of 2.54 mm. Simulated data is 
depicted with symbols and experimental data is represented by solid lines of the same color. 
This process was repeated for 5% M15/PLA composites and the resulting comparison between 
experimental and simulated scattering parameters and power balance is shown in Figure 3.7. It can 
again be seen that there is good agreement between the trends for experimental and simulated data. 
There is also a non-monotonic increase in SET with an increase in pore height for 5% M15/PLA 
samples that is worth noting because it shows that a modeling approach is an effective method for 





Fig 3.7. (A) Measured and simulated total shielding efficiency in an X-band waveguide for a 5% M21/PLA 
composite plaque with and without pores of varying height. (B) Measured and simulated power balance for 
a 5% M15/PLA composite plaque (I) without pores, (II) a cylindrical pore with a height of 3 mm, (III) a 
cylindrical pore with a height of 3.5 mm, and (IV) a cylindrical pore with a height of 4 mm. All plaques 
have a total thickness of 4.6 mm. All cylindrical pores have a diameter of 2.54 mm. Simulated data is 
depicted with symbols and experimental data is represented by solid lines of the same color. 
3.4.5 Reflection Loss of PEC-Backed xGNP/PLA Composites 
In many applications involving EMI shields, the absorbing material is backed by highly 
reflective metallic casings. These types of casings are common in many applications, and as 
mentioned earlier, will mainly reflect any incident EM radiation. For this purpose, it is also 
informative to explore materials backed by a PEC instead of air, resembling a scenario in which 
an absorber is placed on top of a metallic casing. We showed in previous simulations that for a 
composite made of 30 wt % graphene/Fe3O4 paraffin wax composite, the addition of a single 
spherical pore with a radius of 1.25 mm could cause as much as a 13 dB increase in RL [126]. 
Figure 3.8 shows the results of COMSOL simulations demonstrating the effect of adding either a 
spherical pore (A) or a cylindrical pore (B) to a 4 mm thick sample with the complex 
electromagnetic properties of 5% M25/PLA. The addition of a single pore, when optimized, can 
have a pronounced effect on the RL; a single spherical pore with a radius of 1.2 mm can lower RL 
from −32 dB to −45 dB at a frequency of 9.2 GHz. The addition of cylindrical pores can also have 
a measured effect on RL, but there are subtle differences in the position of peaks as compared to 
the spherical pore. Particularly for a radius of 1.6 mm, the minimum peak position varies by almost 
 
 
one GHz. The improvements in RL as well as the different effects of different geometries 




Fig 3.8 - Modeled reflection loss for 5%M25/PLA with thickness of 4 mm and modified with either a single 
spherical pore (A) or a cylindrical pore (B). Both plots show the effects of a changing radius. In the case of 
the cylindrical pore, the height is fixed at 1.8 mm. 
3.5. Conclusions 
The connection between experimental and simulated data for xGNP/PLA composites 
illustrates the promise of a modeling guided approach to pore addition starting from known 
electromagnetic parameters. The morphology, conductivity, and electromagnetic properties of 
xGNP/PLA composites with different aspect ratio xGNP fillers were explored. It was found that 
SET in the X-band improves with higher aspect ratio fillers at a fixed weight percentage. By 
analyzing the shielding coefficients, it was shown that reflectance is the dominant shielding 
mechanism due to large impedance mismatch at the front face. In addition, the effect of adding 
periodically arranged cylindrical pores on the EMI shielding properties was explored. The 
addition of pores had the desired effect of increasing absorption while decreasing reflection but 
increased the transmission as well. The porous geometries were simulated in COMSOL and the 






Polymer Composites With Segregated Structures For EMI Shielding 
4.1 – Chapter Synopsis 
 To work around problems related to high loading and filler dispersion, we investigated 
the use of polymer composites with a segregated structure for EMI shielding. We looked at the 
effect of filler loading on EMI SE as well as electromagnetic properties. In addition, we 
developed and characterized a novel segregated structure polymer composite with various 
additions of a magnetic component. The addition of a magnetic component was found to increase 
the overall SE, but at low magnetic loadings there was no marked improvement.  
4.2. Introduction 
As illustrated in chapter 3, the ability to effectively model periodic porous morphologies 
can open the path for fast and effective investigation of new metamaterial EMI absorbers. 
Keeping in mind that we have a tool for exploring geometry, there is a need to utilize this model 
in the context of materials more readily suited for EMI absorption. PLA/xGNP composites 
displayed minimal SE, even with the addition of pores, and required large weight percentages of 
xGNP filler. It is known that at high filler loadings, it is difficult to disperse xGNPs owing to 
strong Van Der Waals interactions that encourage filler agglomeration [127,128]. Furthermore, 
high filler loadings can lead to decreased mechanical properties resulting from filler 
agglomerates that act as stress concentrators [129]. To enhance our polymer composites EMI 
shielding abilities, it is important that we either improve our dispersing abilities or explore 
alternative routes for composite fabrication. One route that has potential is the fabrication of 






Fig 4.1 – Schematic showing the steps for the fabrication of PS/rGO or PS/rGO/CF composites. PS microspheres are 
first coated with graphene oxide (GO) then reduced with/without the presence of CF, then finally hot pressed to 
form segregated structures. 
Polymer composites with segregated networks utilize processing methods that help to 
force highly conductive fillers like carbon black [130,131], carbon nanotubes [132,133], and 
graphene [134,135] into contact with one another. These conductive polymer composites (CPCs) 
have demonstrated improved electrical conductivity and lowered percolation thresholds when 
compared to CPCs with randomly dispersed filler material [136]. In a carbon 
black/polypropylene composite, the percolation threshold was lowered from 2.75 vol% to 0.37 
vol% by incorporating a segregated structure [136]. A graphene/ABS composite with a 
segregated structure demonstrated a percolation threshold of 0.13 vol% [137]. Lower percolation 
thresholds, enhanced conductivity, and unique microstructures have led researchers to pursue 
these types of materials as EMI absorbers [138–140]. In segregated structures, the “skin” of 
closely packed polymer cells surrounded by conductive “membranes” make it difficult for EM 
waves to penetrate deep into the material as they are scattered and attenuated in a similar 
shielding mechanism to CPC foams. 
In this study we investigate the effects of using a polystyrene/reduced graphene oxide 
(PS/rGO) nanocomposite with a segregated structure as an EMI shielding material. This material 
benefits from the low percolation threshold and high conductivity due to the segregated structure. 
 
 
In addition to studying the effects of rGO loading on EMI properties, we also explore the effect 
of functionalizing the rGO surface with cobalt ferrite (CF) nanoparticles. This is the first time 
this material has been explored and characterized. A schematic illustrating the fabrication 
process is shown in Figure 4.1. 
4.3 Experimental 
4.3.1 Materials 
M25 grade graphene nanoplatelets were received from xG Sciences. Sulfuric acid, 
phosphoric acid, potassium permanganate, hydrogen peroxide (30%), ethanol, styrene monomer, 
poly (vinyl pyrrolidone) (PVP, Mw = 40,000), azobisisobutyronitrile (AIBN), cobalt chloride 
hexahydrate, iron nitrate nonahydrate, and sodium hydroxide were purchased from Sigma 
Aldrich. 
4.3.2 Preparation of GO 
GO was prepared with M25 Graphene Nanoplatelets as the starting material using an 
improved Hummers Method [141]. In brief, M25 (1g) was added to a solution of phosphoric acid 
and sulfuric acid in a 1:9 volume ratio (13.3 mL: 120 mL) and chilled to 5 oC. Potassium 
permanganate (6g) was added slowly to the stirring solution, heated to 50 oC, and stirred 
overnight. Once the reaction was done, the solution took on a light purple coloration. The 
solution was poured over 400 mL ice and 3mL hydrogen peroxide, at which point there was a 
color change to bright yellow to indicate the end of the reaction. The solution was centrifuged at 
4000 rpm for 4hrs followed by sequential washing and centrifuging with HCL, H2O, and ethanol. 
The material was dried in a vacuum oven at 60 oC overnight to obtain GO powder. 
4.3.3 Preparation of PS Microspheres 
PS microspheres were prepared in a three-necked flask equipped with a condenser by 
dispersion polymerization under a nitrogen environment [142]. Purified styrene monomers 
(20.0g) with AIBN (0.3g) as a radical initiator were dissolved in ethanol (60.0g) containing PVP 
(2.0g) as a stabilizer. Nitrogen bubbling was applied for 20 minutes to clear the system of any 
residual oxygen. The mixture was stirred for 12 hrs at a temperature of 70 oC. The dispersed PS 
 
 
microsphere were washed with ethanol and water to remove unreacted styrene and residual PVP. 
The remaining PS microspheres were dispersed in water. 
4.3.4 Preparation of PS/rGO Composites 
Typically, a solution of GO (1mg/mL) in water was prepared under sonication for 1hr. A 
specific amount of PS microspheres was added to the GO solution, sonicated for an additional 5 
minutes and stirred for an additional 30 min. The brown-grey coagulation that forms indicates 
the binding of rGO to the PS microspheres. Ascorbic acid (AA) was added in a 1:100 rGO:AA 
ratio by weight and the temperature was raised to 95 oC and maintained for 4 hrs.  The rGO/PS 
complex was vacuum filtered and washed with water until a pH of 7 was achieved. Collected 
material was dried overnight in a vacuum oven at 70 oC to remove any residual solvent. rGO/PS 
pucks were created by hot pressing at 120 oC and 10 MPA for 20 minutes. 
4.3.5 Preparation of PS/rGO/CF Composites 
 rGO/PS solution was prepared as mentioned earlier. After reduction, Cobalt Nitrate 
Hexahadyrate and Iron Chloride Nonahydrate were added to the rGO/PS solution in a molar ratio 
of 1:2 Co 2+: Fe3+. The solution was stirred for another 30 minutes and then the temperature was 
raised to 90 oC. At this point NaOH was added until pH 10 was reached and the temperature was 
maintained for 2 hrs to allow for nucleation and growth of cobalt ferrite nanoparticles on the rGO 
surface. After cooling to room temperature, the rGO/PS/CF material was collected using 
centrifugation followed by vacuum filtration and washing with ethanol and water to remove any 
unreacted metal salts. The leftover powder was dried overnight at 70 oC to remove any residual 
solvent. Composite pucks were hot pressed at 120 oC and 10 MPA for 20 minutes.  
4.3.6. Characterization of PS/rGO and PS/rGO/CF Composites 
 The morphology of the composite before and after hot pressing was examined by SEM 
(JEOL 1500) under an acceleration voltage of 20 kV. FTIR spectra of composite powders were 
measured with a JASCO 4100 spectrometer in the range of 4000-400 cm-1 under transmittance 
mode. XPS measurements were carried out using monochromatic Al-Kα radiation to determine 
the change in oxygen content. Structural investigation upon the addition of CF were measured by 
XRD with Cu Kα radiation (λ = 0.15418 nm) under a voltage of 40 kV and a current of 20 mA 
using a Rigaku Miniflex 600. The volume conductivity of composite pucks was measured by a 
 
 
four-probe method using a Cascade Microtech probe station. B-H curves were measured using a 
Lakeshore Cryotechnic 7400 vibrating sample magnetometer (VSM). The complex permeability 
and permittivity of materials were measured using a Keysight PNA-X Network Analyzer 
N5245A in the frequency range of 4-12 GHz. The samples were formed into toroidal shaped 
samples with an outer diameter of 7.0 mm and an inner diameter of 3.04 mm using a Tormach 
PCNC 1440 milling machine. 
4.4 Results and Discussion 
4.4.1. Validation of PS/rGO Composites With a Segregated Structure. 
 The material was characterized at different stages of the composite fabrication. Figure 4.2 
shows SEM images of as synthesized PS microspheres. Owing to the PVP stabilizer, the 
microspheres do not agglomerate readily. The as synthesized microspheres are fairly polydisperese in size 
with dimateres ranging from 1-6 μm. As synthesized spheres easily form colloidal white dispersion in 
water under mild sonication and stirring. 
 
Fig 4.2 - SEM images depicting as synthesized PS microspheres. They display polydispersity with sizes ranging 




Fig 4.3 – FTIR spectra of as synthesized PS microspheres. Inset shows the dissapearance of the C=C styrene vinyl 
peak at 1683 cm-1 indictaing successful polymerization. 
Successful synthesis of PS microspheres was also confirmed through FTIR spectroscopy 
as shown in Figure 4.3. This spectra displays all the characteristic peaks of styrene, but to 
confirm successful polymerization, we look for the dissapearance of the peak at 1683 cm-1 (Fig 
4.3 inset) which corresponds to the C=C styrene vinyl peak [143]. The adsorption of GO sheets 
on PS microspheres is demonstrated by the SEM images in Figure 4.4 of PS/GO microspheres 
collected from the suspension made by dispersing GO sheets and PVP-grafted PS microspheres 
in water. Many PS microspheres are coated by GO sheets with some GO sheets between adjacent 
but separate microspheres. The chemical reduction by AA does not seem to affect this coating 
nature as indicated by Fig 4.4c.This is not surprising since the PVP mediated interatcion between 
GO and PS spheres should not be interrupted during mild chemical reduction [142]. Fig 4.4b 
shows FTIR transmittance data for PS, PS/GO, and PS/RGO. The change in the peak after 
reduction ~3500 indicates successful restoration of the sp2 network in rGO. Further evidence for 
successful reduction is given by XPS data shown in Fig 4.4d that clealy shows a decrease in the 




Fig 4.4 – (A) SEM image of GO coated PS microspheres. The wrinkled morphology indicates bonding between the 
microspheres and the GO sheets. (B) FTIR of PS, GO, and PS/rGO powders. (C) SEM image of rGO coated PS 
microspheres. (D) XPS spectra of GO and rGO powders indicating an adequate degree of GO reduction by AA has 
occurred. 
 After hot pressing we ultimately aim to generate a segregated network with conductive 
filler mterial occupying the space between polymer domains. Figure 4.5 shows SEM images of a 
cross section of 0.75 vol% rGO/PS composite after hot pressing. After hot pressing the 
composites present with a three-dimensional percolated microcellular structure with a polymer 








Fig 4.5 – SEM image of cross scetion of a 0.75 vol% PS/rGO composite. The formation of a segregated structure is 
indicated byt the dark polymer domains surrounded by bright concentrations of rGO filler in the interfaces. 
 The formaiton of conductive rGO networks is also confirmed through the conductivity of 
the PS/rGO composites. Figure 4.6 shows the electrical conductivity and percolation behavior as 
a function of rGO volume fraction. Even though this material does not exhibit a homogenouse 
microstructure, the clasical percolation theory still applies since we are still defining a critical 
volume fraction for an insulator/conductor transitions [145]. We use the classical peroclation 
power law to fit the eletrical data according to: 
(4.1) 𝜎 = 𝜎0(𝜙 − 𝜙𝑐)
𝑡 
where σ is the conductivity of the composite, σ0 is the proportionality constant related to the 
intrinsic conductivty of rGO filler, ϕ is the filler volume fraction, ϕc is the critical filler volume 
for percolation, and t is the crictical exponent that represents the dimensionality of the 
conductive network [146]. According to the fitting, our composites exhibit a percolation 
threshold of 0.04 vol%. In reality, the real percolation threshold is probably much higher since 
we label specimens by their loading pre-compression. A representative volume element of a 
segregated structure should contain a much larger volume fraction of filler material than the 
recorded percolation threshold. However, it is standard to practice to report percolation threshold 
of segregated structures using classical percolation theory and the pre-compression loading. We 
found our critical exponent to be 2.5, which is indicative of a three-dimensional conductive 
 
 
network [147]. At a filler loading of 1 vol% the conductivity is 3.26 S/m. The conductivity 




Fig 4.6 – The electrical conductivities of PS/rGO composites as a function of volume fraction. The inset shows a 
plot log(σ) vs. (ϕ-ϕc) for calculation of t. 
4.4.2. Validation of PS/rGO/CF Composites with a Segregated Structure 
 During CF nanoparticle formation, metal salts associate with the surface of the rGO 
platelets and the addition of NaOH leads to direct co-precipitation [148]. Figure 4.7 shows SEM 
images of as synthesized PS/GO/CF and PS/rGO/CF complexes prior to hot pressing. The 
bumpy morphology on the surface of the PS spheres clearly indicates formation of nanoparticles 
on their surface when compared to the morphologies seen in non-functionalized PS/GO 
 
 
materials. The nanoparticles are evenly distributed, but there does appear to be evidence of minor 
agglomeration in certain locations. The purity of CF nanoparticles was confirmed through XRD 
and EDX mapping. 
 
Fig 4.7 – SEM images of PS/GO/CF (left) and PS/rGO/CF (right). Wrinkled morphology connecting PS sphere 
indicates that GO/rGO wrapping is maintained. Bumpy morphology on top of GO/rGO is evidence of CF 
functionalization. 
Figure 4.8 shows typical XRD spectra for bare PS microspheres, rGO/CF filler material, 
as well as the fully assembled PS/rGO/CF. The spectra for polystyrene shows a broad peak 
centered around 20o, which is in agreement with reported values for amorphous polystyrene 
materials [149]. The spectra for rGO/CF displays characteristic peaks for inverse spinel CF 
nanoparticles with peaks at 31o and 35.3o corresponding to the (220) and (311) planes [150]. The 
spectra for the fully assembled filler material display a large broad peak corresponding to PS. 
Because it is the most prevalent material in the filler, the signal for the other components is 
uncharacteristically weak. However, a close-up, shown in Figure 4.8., of the area between 30o to 
40o reveals the presence of the strong (311) peak corresponding to CF nanoparticles. 
Figure 4.9 shows SEM, back scattered electron (BSE), and EDX mapping for a cross 
section of a 1 vol% PS/rGO/CF composite after hot pressing. The SED image in Fig 4.8a. shows 
a similar morphology to Fig 4.5 corresponding to successful formation of a segregated network. 
A BSE image shown in Fig 4.8b the presence of bright areas corresponding to the interfacial 
areas of the composite, indicating the presence of heavy elements. EDX mapping shown in Fig 
4.8c-e show that the elements in the interfaces correspond to Fe and Co. From these data we can 
 
 
see that the hot pressing does not degrade the functionalization of the rGO surface and rGO/CF 
hybrid fillers remain present in the segregated network. 
 
 
Fig 4.8 – XRD spectra of PS, rGO/CF, and fully assembled PS/rGO/CF composite material. The PS spectra displays 
a large amorphous peak. The rGO/CF spectra display characteristic peaks for CF at 31o and 35.3o. The spectrum for 
PS/rGO/CF displays a large amorphous peak showing the presence of PS. The CF peak at 35.3o can be seen in the 














Fig 4.9 – SEM images of 1 vol% PS/rGO/CF cross sections viewed using (A) secondary electron detector as well as 
(B) BSE. Both images show the presence of a segregated network morphology. (C-E) Display EDS mapping of an 
interfacial area. The concentrated presence of Co and Fe atoms can be seen in the interfacial areas. 
 
 To study the effects of the loading of magnetic nanoparticles on the electrical and 
magnetic properties of segregated composites, four different composites of varying rGO and CF 
loading were prepared. The naming conventions, respective loadings, and as measured electrical 
conductivities are shown in Table 4.1. As compared to nonfunctionalized PS/rGO composites, 
PS/rGO/CF samples display lower electrical conductivities. This is most likely caused by 
insulating CF nanoparticles partially blocking conductive pathways provided by rGO [151]. By 
controlling the CF loading, we can effectively control the conductivity of segregated composites. 
Table 4.1 – Naming convention and measured conductivity for PS/rGO/CF Composites 
Sample Name rGO Loading rGO:CF Ratio Conductivity (S/m) 
2V12 2 vol% 1:2 3.38 
2V21 2 vol% 2:1 2.21 
Pt5V12 0.5 vol% 1:2 0.40 
Pt5V21 0.5 vol% 2:1 0.014 
 
The magnetic performance of the PS/rGO/CF composites was investigated by monitoring 
their magnetization with an applied magnetic field ranging from -600 to 600 Oe at room 
temperature. For comparison, the magnetization was normalized based on the total weight of the 
composite powder. As shown in Figure 4.10 the Ms of these materials is low, with the highest 
value corresponding to -0.55 memu/g for 2V21. It is interesting to note that 2V12 sample has a 
Ms that is approximately half that of 2V21. This is evidence that the correct relative 
concentrations of CF have been incorporated into the composite powder. The Pt521 and Pt512 
samples display highly diamagnetic behavior. This is an indication that there is not enough CF to 
content to compete with the highly nonmagnetic PS matrix and rGO filler. For all of the 





Fig 4.10 – Magnetic response of PS/rGO/CF composites with varied rGO and CF loadings. The composites with a 
loading of 0.5 vol% rGO display purely diamagnetic responses.  
4.4.3 Electromagnetic Properties of PS/rGO and PS/rGO/CF Composites  
 Upon formation of the segregated structure, PS/rGO composites were measured on the 
VNA for investigation of the electromagnetic parameters in the 4-12 GHz range. The complex 
permittivity of the composites is plotted in Fig 4.11. There is an obvious increase in the values 
for the real and imaginary permittivity as the rGO loading moves past the conductive percolation 
threshold, which is in accordance with similar materials [155]. In this frequency range, the real 
and imaginary permittivity also exhibit a gradual decreasing trend as the frequency increases. 
This frequency dependence can be explained by Maxwell-Wagner Sillars polarization which 
occurs when there is an accumulation of charge carriers at any interface between materials. 





Fig 4.11 – Frequency dependent complex permittivity of PS/rGO composites with different rGO contents. Real 
permittivity is shown on the left and imaginary permittivity is shown on the right. 
 In addition to testing the PS/rGO samples, the complex electromagnetic properties of 
PS/rGO/CF composites were also investigated. Fig 4.12 shows the frequency dependence for the 
complex permeability and complex permittivity for PS/rGO/CF composites with 0.5 vol% rGO 
loading (A-D) and 2 vol% rGO loading (E-H). For both rGO loadings, it was found that the real 
permittivity decreases over the entire frequency range upon the addition of CF nanoparticles. 
This is most likely due to interruption of conductive network formation. As expected, the 
imaginary part of the permittivity decreased as CF loading increased. This is in accordance with 
Debye theory, which shows that the imaginary part of the permittivity decreases as conductivity 
decreases [157].  
 For the PS/rGO/CF composites with an rGO loading of 0.5 vol%, there is minimal 
change in the permeability. This is most likely due to the actual amount of CF present not 
enough to have an impact. This is also in line with the diamagnetic behavior for these composites 
shown in figure 4.9. As the rGO loading increases to 2vol%, and the CF loading increases, we 
begin to observe measurable changes in the complex permeability. As the CF content increases, 




Fig 4.12 – Frequency dependent electromagnetic properties of PS/rGO/CF composites with 0.5 vol% rGO loading 
(A-D) and 2 vol% rGO loading (E-H). 
4.4.4. EMI Shielding Properties of PS/rGO and PS/rGO/CF Composites 
Figure 4.13 shows the variation of EMI SE over the range of 4-12 GHz for 4 mm thick 
PS/rGO segregated composites. There is an increase in EMI SE with concentration, except for 
0.5 vol% PS/rGO. The maximum achieved EMI SE was 21.6 dB for the 4 vol% PS/rGO sample. 
It is interesting to note that the difference in measured SE is much smaller than the orders of 
magnitude difference observed in conductivity for the same samples (fig 4.6)  
 
 
To better understand the shielding mechanisms of PS/rGO composites, the frequency 
dependent power fraction balance for PS/rGO composites as a function of rGO loading is shown 
in Figure 4.14. Like the PLA composites described in chapter 3, the neat polymer composites 
display almost no absorbed power, and a small fraction of reflected power that comes from slight 
changes in impedance. As the rGO loading increases, the transmitted power fraction decreases to 
almost zero over the entire frequency range at a loading of 4 vol% rGO. This is in direct to 
contrast to other conductive polymer systems which demonstrate increased reflected power 
balance as the filler content increases. It has been reported that the cell-like configuration of the 
PS domains surrounded by a dense layer of rGO can entrap incoming EM waves. Once an 
incident EM wave enters one of these PS cell domains, the wave will be scattered or experience 
many absorption events upon interaction with the conductive cell walls [158]. With correct 
impedance matching, a large portion of the EM wave can penetrate the material and be subject to 
these phenomena. 
 
Fig 4.13 –Frequency dependent EMI SE for PS/rGO composites without CF nanoparticles. There is a general 




Fig 4.14 – The fraction of incident power that is (a) reflected (b) transmitted (c) and absorbed for PS/rGO segregated 
structure composite as a function of rGO loading 
It is worth noting that even at 0.05 vol%, the transmitted power dropped by ~20%. The 
reflected power fraction and absorbed power fraction display nearly opposite behaviors at filler 
loadings of 0.1 vol% and higher. For 0.1 vol%, the reflected power fraction is between 50% at 4 
GHz and 40% at 12 GHz and the absorbed power fraction is between 0% and 20% over the 
entire frequency range. As the loading increases, there is a gradual decrease in the reflected 
power fraction and a gradual increase in the absorbed power fraction. At a loading of 4 vol%. the 
reflected power fraction is nearly zero over the entire frequency range and the absorbed power 
fraction is nearly 100% over the entire frequency range. 
Figure 4.15 shows the EMI SE for 4mm thick PS/rGO/CF composites measured over 4-
12 GHz. Shown on this figure for comparison are the SE for 2 vol% and 0.5 vol% PS/rGO 
without CF. For the samples with a 0.5 vol% rGO loading, there is minimal frequency 
dependence over the measured range. For Pt5V21, there is a depression in EMI SE and a 
maximum of 3.2 dB is achieved as compared to 7.5 dB for Pt5V12 and 7.9 dB for Pt5V without 
CF. Based on their hysteresis curves (fig 4.9), the inclusion of CF nanoparticles in these samples 
 
 
does not have a significant impact on the overall magnetic properties. Instead they serve to 
decrease the conductivity (and subsequently electric loss) and lower the SE. This is clear from 
the fact that the Pt5V21 has a much lower SE than the Pt5V12 sample. 
  For the samples with 2vol % rGO, there are more significant changes that occur upon 
the addition of CF. As compared to the 2V No CF sample, the 2V12 sample has lower Se over 
the entire frequency range. Like the Pt5V12 and Pt5V21 materials, there is not enough CF 
content to contribute in a positive way to SE. For increased CF content in the 2V21 sample, there 
can be seen an enhancement in SE over the entire frequency range, reaching a maximum of 25 
dB, which is higher than even that of the 4 vol% PS/rGO. This suggests that the addition of 
magnetic nanoparticles can contribute positively to SE if the concentration is high enough to 
make up for losses in conductivity and electric loss. 
To understand the shielding mechanisms PS/rGO/CF composites, the power fraction 
balance is shown in Figure 4.16. For PS/rGO/CF composites with a 0.5 vol% loading, there is a 
dramatic increase in the absorbed power fraction to almost 80% over the entire frequency range 
as the CF ratio increases. However, the SE of these composites is so low that it is difficult to 
claim definite improvement in their ability as absorbers. For the composites with 2 vol% rGO 
loading, as the CF loading ratio increases, there is a demonstrated increase in the reflected power 
fraction and a decrease in the absorbed power fraction as compared to the PS/rGO composites 
without CF loading. Although the main SE mechanism is still absorption over the entire 
frequency range, increases in reflection are most likely cause by a change in impedance 




Fig 4.15 - Frequency dependent EMI SE for PS/rGO/CF composite samples with a thickness of 4mm. All samples 
measured under normal incidence over the entire frequency range. 
 
Fig 4.16 - The fraction of incident power that is (a) reflected (b) transmitted (c) and absorbed for PS/rGO/CF 
segregated structure composite as a function of rGO and CF loading, 
 Shown in Table 4.2 are reported Max SE for a variety of polymer composite systems with 
a magnetic component, as well as the reported magnetic component loading in wt%. For our best 
performing material, we report higher SE at similar filler loadings, and can even achieve 
comparable SE as composites with almost double the amount of magnetic material, as can be 
 
 
seen for the PE/PEO/GO/MWCNT/Ni composite. Our approach requires processing optimization 
but is on par with other material in the literature. 
Table 4.2 - SE properties of previously reported solid composites with a magnetic component 
Material Magnetic Loading (wt%) Max SE (dB) Ref 
PANI/rGO/Fe3O4 10  7.5 [151] 
PMMA/rGO/ Fe3O4 2  30 [159] 
PE/PEO/GO/MWCNT/Ni 19  27  [49] 
PS/CNF/CNT 0  22  [12] 
PEI/ rGO/ Fe3O4 5 9.2 [89] 
2V21 (PS/rGO/CF) 8 25  This Work 
 
4.4.5 RL of PS/rGO and PS/rGO/CF Composites With and Without Spherical Pores  
In addition to looking at the air-backed SE of PS/rGO composites, we also looked at their 
RL and the effects of adding pores on RL to see if we could further improve the absorbing 
properties of segregated structure composites. Shown in Table 4.3 is the maximum simulated RL 
for 4mm thick solid plaques composed of PS/rGO composites with various loadings of rGO. 
Neat PS is nearly 100% transmissive to incoming EM radiation and has a RL of almost zero 
across the entire frequency range. For materials with a high conductivity (2 and 4 vol% PS/rGO), 
there is a large impedance mismatch resulting in low RL. For 0.5 vol% however, there is a large 
RL of nearly -46 dB.  
 In the context of the previous chapters it is worth performing a brief investigation of the 
effect that spherical pores can have on the RL of segregated structure composites. To this end a 
parametric study was conducted, simulating a single spherical pore in the center of a 4 mm thick 
slab and varying the pore diameter from 1.6 to 3.2 mm. Table 4.3 shows the max RL of a non-
porous slab as well as the max RL without pores for the same material. For the PS/rGO/CF 
materials, this limited study did not reveal geometries with exemplary RL, but for all the 
samples, there was some improvement in RL upon addition of a pore. This information provides 
us with the confidence that given more time and optimization steps, an ideal geometry could be 




Table 4.3-Max RL of 4mm thick PS/rGO and PS/rGO/CF composites with and without a single 
spherical pore 
Material 
Max RL without Pore 
(dB) 




PS -1> N/A N/A 
0.25 vol% 
PS/rGO 
-13 -34 3.2 
0.5 vol% 
PS/rGO 
-46 -38 2.1 
1 vol% PS/rGO -11 -19 3.2 
2 vol% PS/rGO -6 -8 3.2 
4 vol% PS/rGO -6 -11 3.2 
2V212 -8 -14 3.2 
2V21 -8 -9 3.2 
Pt5V12 -10 -31 1.6 
Pt5V21 -8 -9 1.6 
 
4.5 Conclusions 
 To work around problems concerning high filler loading and dispersibility, we 
investigated PS/rGO composites with a segregated structure as potential EMI shielding materials. 
It was found that PS/rGO composites exhibit remarkably low percolation thresholds and the 
conductivity can be easily controlled through the filler loading. These materials also 
demonstrated reasonable SE at low loadings. We also systematically explored the development 
of novel PS/rGO/CF systems with various loadings of rGO and CF. We found that at low 
rGO/CF loadings, the addition of CF interfered with the formation of conductive networking, 
and decreased overall SE. At higher loadings of rGO/CF it was found that the addition of CF also 
interfered with the formation of conductive networking, but the higher loading of CF had a 
positive effect on SE due to its magnetic contribution. Furthermore, we demonstrated that the RL 
of PS/rGO and PS/rGO can be enhanced with a periodic porous morphology. With this initial 
 
 
material exploration, we have shown that CPCs with segregated structures are a viable option for 
EMI shields. Further optimization of material processing and conditions will be necessary for 






Conclusions and Future Work 
Due to a high dependence of polymer composite foam morphology on initial foaming 
conditions (temperature, time, pressure, matrix, filler, etc..), it is hard to predict the final 
morphology of foamed composites without performing a large DOE. Difficulty in predicting 
final morphologies in these materials also leads to difficulty in predicting the final EMI shielding 
properties of these materials in any reliable fashion. This thesis sought to develop tools for the 
quick and reliable development of “foam-inspired” metamaterial- polymer composites with 
enhanced EMI shielding abilities.  
Understanding that the EMI shielding properties of a material system are governed by its 
intrinsic electromagnetic parameters, we began analyses using the measured properties of highly 
conductive PLA based filament as well as the literature values for a hybrid composite system 
that contained a magnetic component. Using these electromagnetic parameters, we evaluated the 
addition of a single air-filled pore into the center of a unit cell with periodicity in the X and Y 
direction and a finite thickness in the Z direction. For a highly conductive material, there were 
minor improvements in absorptive ability; a highly conductive front face meant that most 
incident power was reflected.  For a material with lower permittivity and a magnetic component, 
there was significant enhancement in absorption upon addition of a single pore. We found that 
there was a dependence on the distance between pores as well as the volume of the pore. This 
was interpreted as realization of resonant networks as confirmed by plotting the electric field 
distribution. An advantage of this approach over conventional foaming techniques is that we can 
quickly explore the effects of other geometric modifications. 
 Having established the prospect of enhancing EMI absorption through the addition of 
periodically placed pores, it was necessary to validate a modeling approach using measurements 




PLA/xGNP composite system and analyzed its electromagnetic properties. We investigated the 
effect of filler aspect ratio on the electromagnetic parameters and found that there was a positive 
relationship between filler aspect ratio and complex permittivity for a fixed weight percentage. It 
was also observed that there was no significant change in the permeability upon the addition of 
nonmagnetic graphitic fillers. It was also observed that higher aspect ratio filler materials had 
higher conductivities, which agreed with classic percolation theory. 
 For the higher aspect ratio filler materials, we fabricated composite plaques with 
cylindrical pores placed in a periodic fashion and measured the resulting scattering parameters. 
When these same configurations were simulated, we found that there was agreement between 
experimental and simulation data in the trends as well as location of maxima/minima for 
scattering parameters. For this material system we observed that additions of pores degraded SE 
but demonstrated marked improvement in RL. This is a promising result since many applications 
will necessitate PEC backing. 
 An issue that limited our ability to move forward with xGNP composites was the lack of 
homogenous dispersion. Several techniques exist for qualitatively assessing the state of xGNP 
dispersion including zeta potential monitoring [160], rheological measurements [161,162], and 
Raman spectroscopy [163]. There exist other measurement methods, but they require extensive 
and laborious measurement (TEM) or are extremely limited in the in the concentrations that can 
be analyzed, as is the case with Dynamic Light Scattering. For future work that uses 
conventional dispersion methods, it will be important to confirm the existence of the degree of 
filler dispersion. 
 Due to concerns surrounding high filler loading, limited dispersion ability, and a desire to 
explore the effect of a magnetic component addition, the we explored PS/rGO segregated 
network polymer composites with and without CF nanoparticles. It was observed that successful 
fabrication of a segregated network could be achieved, which led to a remarkably low 
percolation threshold and high conductivities. For non-magnetically modified composites, the SE 
increased with increasing filler loading. Furthermore, the main shielding mechanism became 
increasingly dominated by absorption as the filler loading increased. Upon addition of magnetic 
CF nanoparticles, it was found that for low loadings of rGO, the CF addition had a minimal 
effect on overall SE. As the rGO and subsequently CF content increased, we observed a slight 
 
 
increase in SE for a 2:1 CF: rGO ratio as compared to non-modified rGO. However, for this 
increased loading, the shielding mechanism began to shift from absorption to reflection. It will 
be necessary to engage in further material optimization to generate PS/rGO/CF composites with 
the correct rGO: CF ratio to achieve absorption dominated high SE. 
 While segregated composites are an interesting approach to EMI shielding, they have 
mechanical limitations that may prohibit their use in certain applications. The formation of 
segregated structures inevitably gives rise to agglomeration of filler material and prevention of 
diffusion between polymer granules which can significantly reduce the toughness and ductility of 
these materials [164]. To mitigate some of these problems, it has been suggested that using a 
secondary polymer as a carrier for conductive filler material can ease interfacial flaws between 
the main polymer matrix and filler [165]. Expanding on the work done in chapter 4, it would be 
useful to investigate the effects of using a secondary polymer as a bridging agent in PS/rGO/CF 
composites.  
Based on the findings in this thesis, it appears that it is possible to design polymer 
composites with optimized geometries for enhanced microwave absorption applications. The 
ability to design structures based solely on intrinsic electromagnetic properties seems particularly 
useful for electronics industries that deal heavily in communication and wireless signaling. It is 
worth noting that many of the geometric studies in this thesis were composed solely of serial 
parametric scans over a limited set of geometric variables. This type of approach did yield 
geometries with improved properties, but the goal of a simulation guided approach is to 
accurately and rapidly explore a continuous result space while controlling a multitude of 
geometric and material parameters.  
Geometric optimization of microwave absorbers has been done in the past but is often 
limited to evaluating thicknesses and multilayer combinations of different materials [166–169]. 
To perform an in-depth optimization, it will likely involve a two-step procedure. Due to the very 
large parameter space that can potentially be explored, the first step should be a Monte Carlo 
simulation that evaluates many points sampled at random from the parameter space and the most 
promising results will be carried over to a gradient-free or gradient based optimization for the 
second step. By choosing several points at random from the first, we can avoid arriving at local 
 
 
minima in the second optimization. Ongoing work by members of my lab is currently looking 
into streamlining this approach and developing optimization workflows. 
As mentioned in chapter 2, a geometric optimization that can successfully explore a large 
parameter space that includes pore shape, size, location, etc. could ultimately yield geometries 
that require unique fabrication approaches. One of the most promising approaches appears to be 
3D printing of polymeric composites. In the current literature a variety of materials have been 
printed using fused deposition modeling including PU/PLA/GO [170], silicon rubber/CNF [171] 
and ABS/CB/CNT [34]. There has also been extensive development of conductive polymer 
composite inks for 3D printing using digital light projection (DLP) [172–174]. DLP is a 
promising approach, particularly for the printing of porous structures. Mu et al. demonstrated the 
ability to create complex porous structures using a combination of salt leaching and DLP [175]. 
These types of approaches often require unique set-ups as well as original ink formulations that 
can take significant amounts of time to perfect.  
In addition to 3D printing, there are also opportunities to create complex porous 
geometries using mold casting. To move forward with mold casting, it will be necessary to 
utilize better dispersion methods for the creation of polymer composite materials with lower 
percolation thresholds and an additional magnetic component as compared to the PLA/xGNP 
materials in chapter 3. One approach with is to utilize in-situ polymerization. This technique can 
lead to composites with low percolation thresholds due to very strong filler-matrix interactions. 
The polymer coating, prior to polymerization, also helps to disrupt van-der Waals interactions 
between neighboring carbonaceous fillers. In-situ polymerization can also be done in the absence 
of solvents that can disrupt magnetic functionalization of fillers. Ultimately, a combination of 
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